Aircraft structural integrity requirements now embrace damage tolerance requirements as the basis for design and continued safe operation. The challenge facing industry is how to economically achieve these requirements in both new and, to a greater extent, the growing volume of aging aircraft. Compensating for damage tolerance analysis could lead to overweight structures. Not allowing for residual cracks in repairs could compromise the long term structural integrity, induce on-going inspection penalties and possibly result in unnecessary major structural replacement or repair. Hole cold expansion is a proven method for retarding the growth of cracks originating in holes.
INTRODUCTION
Today's aircraft operate in a complex combination of external load sources, environments, human interaction and economic constraints. To accommodate these drastic changes in operating environment and extended service life, aircraft structural design has undergone several interactive changes. From initial static strength considerations, fatigue and resultant cracking has emerged as the most challenging problem and has precipitated several changes in design philosophy.
Primary aircraft structure is designed to specific static and dynamic loading conditions. Until the early 1950's, commercial aircraft structures were designed to meet conservative fatigue life goals based on laboratory and scale tests. The "safe-life" philosophy did not account for possible structural defects resulting from manufacturing operations, in-service use, or repair. This approach also lacked any consistent provisions for establishing periodic inspection programs. Complex yet often inaccurate fatigue analysis, coupled with inherent material scatter characteristics, frequently resulted in unnecessarily short life predictions which prematurely retired sound structures. Similarly, in-service defects often occurred earlier than the demonstrated life. The Martin 202 wing failure in 1948 and the fuselage failures in the deHavilland Comet aircraft in 1954 prompted the adoption of a new approach termed "fail safe" whereby primary structures were designed so that their failure would not result in loss of the aircraft. This was accomplished by introducing structural redundancy in the form of multiple load path designs or backup components. The new approach, however, lacked a quantitative assessment of the effects of pre-existing damage and did not provide clear guidelines for inspection [1, 2] .
In the late 1970's, major failures in airframe components designed using fail safe criteria led to the incorporation of damage tolerance driven inspection requirements in maintenance programs.
This was mandated by Amendment 45 to Federal Airworthiness Requirements (FAR) Part 25.571. The main objective of this amendment was to add inspection programs for each individual structural element such that cracking initiated by fatigue, corrosion, or accidental damage would never propagate to failure prior to detection. So, to the ability of the structure to retard the onset of detectable or large-scale damage (durability), a new criterion (damage tolerance) was added where the structure would have to be capable of sustaining anticipated loading in a damaged state until the damage could be detected through inspection, and repaired. It should be pointed out that current FAR regulations allow the damage tolerance requirement to be waived in cases where it is deemed impractical.
Other structural requirements are not waived. Also, while these rules apply to large passenger aircraft, commuter aircraft certified to FAR part 23 and general aviation are in many cases still designed exclusively to safe life criteria.
The US Air Force military damage tolerance requirements differ in details, but not principle, from the commercial requirements. Prior to 1958, military aircraft designs were based on static strength requirements. Material deficiencies and degradation due to repeated loadings were not properly accounted for, resulting in numerous structural cracking problems. In 1958, the Aircraft Structural Integrity Program (ASIP) was initiated. The original ASIP guidelines recognized the need for fatigue analysis and fatigue life validation by testing, but used the safe life philosophy as its basis. Aircraft designed in the decade that followed (e.g., F-5, KC-135, B-52, and F-111) often suffered failures well before the fatigue life limits established in laboratory and scale testing.
In 1974, the USAF formally introduced a damage tolerance design specification (MIL-A-83444), followed by ASIP Airplane Requirements (MIL-STD-1530), and more recently, in MIL-A-87221 General Specification for Aircraft Structures. Since the midseventies, the USAF has implemented Fleet Structural Maintenance Plans (FSMPs) based on damage tolerance criteria in all of its major weapon systems, and has taken a clear lead in the advancement and use of damage tolerance in airframe and engine applications (the latter through the Engine Structural Integrity Program [ENSIP], MIL-STD-1783).
DAMAGE TOLERANCE CONCEPTS
The introduction of damage tolerance philosophy has stimulated more emphasis on damage detection reliability and inspection methods. However, cracks missed during inspection and rework still pose a major problem, especially in aging aircraft structures which may be affected by widespread fatigue damage. The objective should be to ensure the most effective repair/rework is carried out to restore the strength and fatigue resistance back to ultimate design level.
At the core of the damage tolerance design philosophy is the assumption that all fatigue critical areas in structural components must carry in-service loads between inspection intervals when defects or flaws are present.
Determining inspection intervals is, therefore, the first goal of damage tolerance design. Inspection intervals are dictated by component geometry and material properties, load spectrum, nondestructive inspection (NDI) capabilities, residual strength, fatigue test data or in-service history for similar components, inspection/repair access, and economic considerations.
The aforementioned USAF ASIP Standards and Specifications provide detailed guidelines for determining the inspection intervals and modification program that constitute the Fleet Structural Maintenance Plan (FSMP).
Rules are provided for establishing conservative initial flaw sizes, load spectrum characteristics, residual strength and damage growth limits, and the relationship of these factors to safety limits and inspection intervals. Figure 1 illustrates this process for the case of a fastener hole in slow crack growth structure (i.e., a design where flaws or defects are not allowed to attain the critical size associated with unstable crack propagation). Obviously, any processes that can retard crack growth, such as hole cold expansion, have the potential of extending inspection intervals. This and other benefits resulting specifically from split-sleeve cold expansion of holes are discussed next. 
THE FATIGUE TECHNOLOGY INCORPORATED (FTI) SPLIT-SLEEVE COLD EXPANSION (SsCx ™ ™ ) SYSTEM
By far, the most frequent source of fatigue problems in aircraft structures is fastener holes. Manufacturing and other defects are very common at holes. During aircraft operation, the adverse effect of these flaws or defects is magnified by the high stress concentration factors associated with holes, which lead to fatigue cracks.
In aging aircraft structures the probability of missing large cracks during inspection and rework is very high, especially in the presence of widespread fatigue damage.
If cracks are left in holes, in combination with oversize fasteners; (1) the local stress levels will be increased due to the net section reduction and, (2) the combination of stress concentration from the hole plus the stress intensity factor from the existing crack will result in accelerated crack growth unless additional mechanisms are included in the repair to mitigate these effects.
Generation of permanent compressive stresses near holes has long been recognized as a means to extend fatigue life, by retarding crack initiation and growth. Methods commonly used to induce compressive stresses around holes include shot peening, roller burnishing, mandrelizing, and coining. However, these techniques produce only relatively shallow residual compression zones which are sensitive to manufacturing variables and often, operator proficiency. Consequently, these hole treatments have only a limited ability to effectively prolong fatigue life.
Interference fit fasteners are commonly used to improve fatigue life.
The effectiveness of these fastening systems varies with the influence of interference level and material properties on the stress distribution around the hole.
They are also very dependent on good installation practices.
When installed in pre-flawed holes, the ability to retard crack growth will depend on the effect on the resultant stress intensity factor, level of interference and the applied stress level.
Unlike most of the aforementioned processes, hole cold expansion (1) generates a large controllable residual compression zone with high compressive stresses, (2) is not significantly affected by final surface finish, (3) produces only a minimal amount of surface upset (typically less than 0.125-mm(0.005-inch)), and (4) does not depend on the integrity of installation (i.e. fastener interference).
In the split-sleeve process, conceived by The Boeing Company and developed as an integrated system by Fatigue Technology Incorporated (FTI), expansion of the hole is accomplished by pulling a tapered mandrel, pre-fitted with a lubricated steel split sleeve, through the hole (Figure 2 ). The mandrel and sleeve are designed to generate a prescribed amount of plastic deformation around the hole, which in turn creates a state of biaxial residual compressive stress in that area. In a typical application of this process, the peak compressive circumferential stress near the edge of the hole is almost equal to the compressive yield strength of the material, as shown in Figure 3 . The zone of residual compression usually spans one radius to one diameter from the edge of the hole. The compressive stresses are balanced by residual tensile stresses away from the hole with a magnitude in the order of 10 to 25 percent of the yield strength of the material (may be higher at edge distances of less than 3 diameters).
Figure 3. Typical Residual Radial and Circumferential Stress Distributions Around a Cold Expanded Hole
The disposable split sleeve reduces mandrel pull force, ensures controlled radial expansion, and allows one-sided processing. Cold expansion creates a slight permanent enlargement of the hole. The hole can then be either reamed to a specific final diameter or left in the as-expanded condition.
The compressive stresses created by cold expansion reduce the effective crack opening displacement by lowering the stress intensity factor at the crack, and thus significantly retard crack growth. Figure 4 shows typical spectrum crack growth results obtained for 7075-T7351 aluminum coupons with 1/4-inch (6-mm) diameter holes, with and without hole cold expansion [3] . 
EFFECT ON CRACK GROWTH
The primary effect of the cold expansion residual stresses is to reduce the crack growth rates by reducing the stress intensity factor range (∆K) and the stress ratio (R, min. stress/max. stress). The stress intensity factor is a measure of the stresses acting on the crack. This effect is shown in Figure 5 [4] . Additionally, the presence of residual stresses may change the critical crack length for unstable fracture, because it reduces the static stress intensity factor. The reduction in crack growth rate and the increased critical crack length significantly improves the damage tolerance of the structure. Figure 6 shows that cracks about 1mm in length growing from a 6mm (1/4") diameter hole in 7075-T6 aluminum alloy, under 207 MPa (30 ksi) net stress, are totally arrested when subjected to the same applied cyclic loads [5] . The residual compressive stress zone acts like a strong clamp on the material around the crack minimizing crack opening displacement, thereby preventing growth.
Figure 6. Effect of Cold Expansion on Stopping
Crack Growth (7075-T6 Aluminum)
IMPLEMENTATION OF SsCx IN DAMAGE TOLERANCE DESIGN
REDUCED INITIAL FLAW SIZE -Although damage tolerance specifications have long been in place for both commercial and military aircraft, there are no consistent rules as to how to incorporate the beneficial effects of hole split-sleeve cold expansion in damage tolerance design. To date, the best available guidelines are found in the USAF specifications, such as MIL-A-83444 (Section 3.1.1.1, paragraph c) . These guidelines essentially state that cold expansion can be used to comply with flaw growth requirements for fastener holes provided the benefits from this process are demonstrated by laboratory testing of joints with precracked holes.
The specimens must be representative of the actual structure.
Because cold expansion residual stresses and their effect on fatigue life are difficult to predict analytically, the USAF damage tolerance specifications allow basing the design of a cold expanded hole on analysis for the same size non-cold expanded hole with a reduced initial assumed flaw size and filled hole, nonclamped up joint conditions. The assumed initial flaw cannot be smaller than a 0.005-inch radius corner flaw on one side of the hole. In contrast, the typical assumed initial flaw geometry for a non-cold expanded hole is a 0.050-inch radius corner flaw.
The assumed initial flaw size for a cold expanded hole is dictated by considerations such as material characteristics, hole geometry, fastener type and fitup (if applicable), loads, and cold expansion parameters. A commonly used technique for determining the assumed initial flaw size for a cold expanded hole is illustrated in Figure 7 for a mill-annealed (MA) titanium Ti 6A1-4V test coupon with a 1/4 inch nominal diameter hole (FTI internal test data).
Other design considerations such as structural weight growth potential can be factored in by increasing the initial flaw size beyond the value calculated by this method. Once an initial flaw size has been defined, a flaw growth analysis can be used to build a crack growth curve for the cold expanded hole condition, and establish the proper inspection intervals. The general practice is to then validate the analysis by fatigue testing of representative sub-elements or full-scale components using the standard initial flaw size (e.g., 0.050-inch corner crack) on the cold expanded holes. Figure 8 shows how this approach compares with actual test data taken from [6] for a standard 0.050-inch through-thethickness crack in specimens with non-cold expanded (NCx) and cold expanded (Cx) holes. The typically high degree of conservatism resulting from the use of a reduced initial flaw size approach is apparent in these results.
Figure 8. Reduced-Initial Flaw Assumption vs. Test for Precracked Cold Expanded Holes
By using this reduced initial assumed flaw size approach, the structural designer does not need to have a precise knowledge of the magnitude and extent of the residual stresses surrounding the cold expanded hole. Furthermore, this technique facilitates damage tolerance analysis tasks by enabling the use of stress intensity factor and crack growth formulations normally used for non-cold expanded holes.
The drawback of this approach is that the size of the assumed initial flaw is arbitrary, and therefore that size must be carefully selected.
Despite the high degree of conservatism inherent to the assumed initial flaw size range permitted by USAF specifications, MIL-A-87221 (Appendix Section 3.12.1, para. G) cautions that "to maximize safety of flight and to minimize the impact of potential manufacturing errors, it should be a goal to achieve compliance with the damage tolerance requirements of this specification without considering the beneficial effects of specific joint design and assembly procedures such as interference fasteners, cold expanded holes, or joint clamp up."
This recommendation stems from a concern that poor airframe manufacturing and assembly practices involving cold expansion could result in ineffective processing.
However, with proper training and certification of shop floor personnel involved in cold expansion processing, strict adherence to cold expansion specifications, and the use of certifiable tools and equipment (all of which FTI strongly advocates), the risks associated with use of this process are negligible, and compliance with the aforementioned goal in MIL-A-87221 should no longer be necessary.
OTHER
ANALYSIS METHODS -The assumption of a reduced flaw size in cold expanded holes, while computationally simple, has some disadvantages, as stated earlier. There is a more direct (though not yet generally sanctioned) approach which consists of (1) calculating the residual stresses created by cold expansion, and (2) using that information in a suitable crack growth model to generate a fatigue crack growth life for the cold expanded hole using a "standard" (e.g., 0.050-inch radial corner) flaw geometry. Several techniques have been available since the mid-late seventies and are still the subject of current research by FTI and others [3, 7, 8] . Typically, the residual stresses are predicted by using two-dimensional exact models or elastic-plastic finite element analysis. The stresses are then used to obtain K IR the residual stress contribution to the stress intensity factor at the hole. That stress is superimposed onto the applied stress component of the stress intensity factor, K IT , to determine the "effective" stress intensity factor, K I as follows:
The stress ratio (R) may also be modified accordingly. All of these parameters can then be used in conjunction with an unmodified crack growth law [7] , to estimate the crack growth rate.
The approach is limited to situations where linear superposition of the stress intensity factors is valid, i.e., positive applied stress ratios and maximum stresses and maximum net stresses below yield.
LONGER INSPECTION INTERVALS -
The most obvious consequence of hole cold expansion in damage tolerance design is the extension of the inspection interval. This "rejuvenation" effect is illustrated in Figure  9 . For the same loads, the number of cycles to failure and the safety limit increase after cold expansion, thereby increasing the inspection interval. 
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Figure 9. Damage Growth Interval Improvement with Cold Expansion
Most of the past and present applications of cold expansion involve rework of holes during airframe maintenance.
In that type of setting, the primary purpose of cold expansion is to extend the overall life of the hole, and often, to allow longer inspection intervals as well. This is also true of some new aircraft production applications where longer inspection intervals are the principal driving force.
Current damage tolerance guidelines for cold expanded holes (for example, as stated in MIL-A-83444) readily provide some of the tools needed to calculate safety limits and inspection intervals, as described earlier.
STRUCTURAL WEIGHT REDUCTION -The higher performance and maneuverability anticipated for new advanced military aircraft, and the longer range and larger payloads of future commercial airplanes will require lighter airframes. In these new applications, hole cold expansion can be used as the basis for structural weight reduction in damage tolerance design. Figure 10 illustrates how the fatigue life extension provided by hole cold expansion can be used to increase the allowable operating stress near the hole.
To a first-order approximation, the reduction in weight near the hole is equal to the reciprocal of the increase in allowable stress. Thus, if the allowable stress can be increased by 25 percent after cold expansion, then the weight in the area near the hole can be cut by about [1 -(1/1.25] x 100 = 20 percent. A typical S-N curve for precracked holes in titanium is shown in Figure 11 (from [6] ). Clearly, a 25 percent increase in maximum operating stress is possible in this case. 
APPLICATION OF DAMAGE TOLERANCE APPROACH
Fail-safe (and hence crack growth) characteristics serve as the basis of structural maintenance planning for many commercial and military organizations. Durability and damage tolerance analysis (DADTA), a major development in this area, revolutionized the USAF structural design and repair philosophy in the 1970's. Theoretical analysis of crack growth life at fastener holes from an assumed 0.050-inch (1.27-mm) initial flaw size, and utilizing material properties (such as fracture toughness) and geometry, has proven a reliable and somewhat conservative technique to determine structural life and inspection cycle requirements for as-drilled holes.
One of the earliest uses of hole cold expansion in repair was on the F-4. During the Durability and Damage Tolerance Assessment (DADTA) it was found that subsequent to sleeve cold working, a 0.005 inch radial crack would not grow during approximately 100,000 hours of baseline spectrum testing [9] . Despite concerns about residual tensile stresses at the free edge of short edge margin holes, the cold worked holes afforded the post modification life in excess of the required aircraft life. Tests performed on titanium (Ti 6Al-6V-2Sn) by Grumman Aerospace Corporation [10] , Figure 12 , show the effect of cold expansion on the crack growth life of a 0.200 inch (5.1 mm) diameter hole, using an attack fighter load spectrum. At a maximum spectrum stress of 82 ksi (565 MPa), the crack growth life from a preexisting 0.03-inch (0.76-mm) crack was increased by 10:1 using cold expansion. Results from crack growth tests on holes incorporating cold expansion prompted revision of the DADTA initial flaw size philosophy. A procedure used by the USAF is to reduce the effective initial flaw length or radius down to as low as 0.005 inch (0.13 mm) if cold expansion is incorporated. Crack growth tests for the USAF T-38 trainer aircraft in pre-countersunk holes substantiated this decision when 0.005 inch flaws were virtually arrested in 7075-T73 aluminum alloy (see Figure 13 ) [11] . The same philosophy could be applied to repairs on aging commercial aircraft for fatigue-related service bulletin repairs.
Figure 13. USAF T-38 Fatigue Crack Growth Data
Further evaluations [12] in 2024-T3 aluminum joints with pre-cracked holes of varying corner crack size were conducted under constant amplitude load and load transfer conditions; secondary bending and fastener interference. Results showed that under a proposed repair-procedure, the remaining crack propagation life of pre-cracked joints with cracks up to 2.5-mm (0.10-inch) length can, under constant amplitude loading, be raised by at least a factor of 4.
These and other studies [13] , [14] , [15] confirm the ability of split sleeve cold expansion to retard, or totally arrest, the growth of small (up to about 2.5-mm) long cracks.
CONCLUSIONS
The inclusion of damage tolerance requirements in analyzing new aircraft design and in evaluation of repair standards has had a profound impact on continuing airworthiness and structural philosophies. In practice, however, it can lead to heavier structures, conservative inspection intervals and an emphasis on damage detection rather than prevention.
The maintenance of a fleet of operational aircraft routinely involves discovery of fatigue damage at fastener holes. When fatigue cracks are identified, some repair action is required. One repair technique that has been successfully employed is to split sleeve cold expand the fastener hole. This method has been conclusively shown by test and in-service experience to slow down the rate of crack propagation or usually to totally arrest the growth of small cracks under normal operating load conditions. This repair procedure will usually restore the original fatigue life or extend the fatigue life beyond the original life. In new aircraft design and DADTA repair evaluation, a smaller initial flaw size can be established or assumed based on test data or analysis utilizing stress intensity function reduction or simple regression analysis from known crack growth data. The result includes: more reliable repair, extended inspection cycles or terminating repair action.
